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ARTICLE INFO ABSTRACT

Keywords: Artemisinin (Art) plays a renoprotective role in diabetic nephropathy (DN) rats. However, the differential gene
Diabetic nephropathy expression profile and underlying molecular mechanism of Art treatment in DN is not well understood. We
Artemisinin

constructed an animal model of DN by injection of streptozotocin (STZ) in rats. We then examined the profile of
differentially expressed genes following administration of Art using RNA-sequencing (KANGCH&EN, Shanghai,
China). Five genes identified by RNA-sequencing were randomly selected and validated by qRT-PCR.
Bioinformatic analyses were performed to study these differentially expressed genes. We identified a total of 31
genes that were significantly up-regulated in DN samples compared to both normal and Art treatment samples,
and 38 genes that were significantly down-regulated in DN samples compared to both normal and Art treatment
samples. The identified genes were associated with a list of gene ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways and may be involved in the mechanism underlying Art treatment of DN.
Thus, the results from the current study demonstrate that genes are aberrantly expressed after Art treatment and

RNA-sequencing

identify promising targets in the treatment of DN with artemisinin.

1. Introduction

Diabetic nephropathy (DN) is a serious complication of diabetes
[1,2]. It is the main cause of death and disability in diabetes patients.
Delays in the diagnosis and treatment of DN may leave dialysis and
kidney transplantation as the only treatment options, especially during
later stages of renal disease [3-5]. The early pathological features of DN
are glomerular hypertrophy, thickening of glomerular and renal tubule
basement membranes, and accumulation of extracellular matrix in the
mesangial region, while the later pathological features of DN are glo-
merular and renal tubulointerstitial fibrosis [6,7]. Early clinical mani-
festations of DN include reduction in glomerular filtration, followed by
elevated arterial blood pressure, proteinuria and fluid retention, and
eventually renal failure [2,4,8]. However, the pathogenesis of DN is
complex and is not fully understood yet.

Artemisinin (Art) and its derivatives have become widely re-
cognized as preferred antimalarial drugs worldwide [9,10]. Semisyn-
thetic derivatives of artemisinin have been developed, including arte-
sunate (water-soluble: for oral, rectal, intramuscular, or intravenous
use), artemether (lipid-soluble: for oral, rectal or intramuscular use),
dihydroartemisinin, artelinic acid, artemotil shows great promising in

the treatment of malaria. In addition to its antimalarial effects, Art and
its derivatives were found to have pharmacological effects in other
areas, including anti-tumor [11,12], immune suppressive [13,14], anti-
fibrosis [15], anti-obesity [16], anti-fungal, and anti-diabetes [17] ef-
fects. Recently, Kubicek and colleagues investigated the effects of a
representative library of approved drugs on cultured alpha cells and
found that Art changes the epigenetic program of glucagon-producing
alpha cells and induces profound alterations in their biochemical
function [18]. The Kubicek team also made the breakthrough discovery
that Art was able to convert glucagon-producing alpha cells into in-
sulin-producing beta cells. Zhang et al. investigated the role of Art in
the expression of protein kinase C PKC, platelet-derived growth factor
PDGFB, matrix metallopeptidase MMP2, and tissue inhibitor of me-
talloproteinase TIMP2 in diabetic rats [19-21]. They found that treat-
ment with Art partially reversed the increases in protein expression of
PKC, PDGFB, fibronectin, collagen IV, and TIMP2 in glomeruli, and also
partly reversed the decrease in MMP2 protein levels. Zhou et al. found
that Art significantly suppressed the DNA-binding activity of activator
protein 1 and the DNA-binding activity of nuclear factor kappa light
chain enhancer of activated B cells (NF-kB), reversed the increases in
expression of c-fos and c-jun in kidney of rats, and alleviated renal
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Fig. 1. Pathologic analysis of DN samples with Art treatment. DN model was induced by STZ, and treated with artemisinin Art. (A) Representative Masson staining
images, hematoxylin and eosin staining images and PAS staining images. Magnification, 400 X. (B) Relative kidney weight. (C) The mean area of glomeruli.

*P < 0.05, ***P < 0.01 vs. normal, #P < 0.05 vs. Art.

pathological changes in diabetic rats [22-24]. Thus, Art has re-
noprotective effects in diabetic rats. However, less is known about the
mechanism underlying Art treatment of DN, and genomic sequencing
following Art treatment has not been reported. The use of next-gen-
eration sequencing for ditag genome scanning (DGS) has increased
considerably [25]. Brennan et al. identified a shared subset of 179
regulated genes in RNA-Seq using microarray, including several genes
not previously available in microarray platforms. Of note, Ark5, en-
coding an AMP-related kinase, and Tgfbi, encoding transforming growth
factor, beta-induced protein were induced by TGF-betal and also up-
regulated in human DN. It was thus proposed that TGF-betal-driven
pro-fibrotic signal may play a critical role in renal epithelial cells
through the analysis of DN renal transcriptome [26]. Using high-
throughput RNA-Seq, a set of inflammatory gene pathways was iden-
tified from among hundreds of differentially expressed genes; the
identified pathways revealed potential pathogenic mechanisms in pro-
gressive chronic kidney disease in DN rats [27]. The present study was
conducted to investigate the mechanism of Art treatment of DN. In this
study, a new generation sequencing technology platform, Illumined
genome analyzer IIx, was used to investigate the entire transcriptome

and mechanism of Art-treated DN.

2. Material and methods
2.1. Animals and experimental design

This study was approved by the Ethics Committee of the Guangzhou
University of Chinese Medicine (Guangzhou, China), and all experi-
ments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Male
Sprague-Dawley (SD) rats (n = 18; weight 250-300 g) were purchased
from the experimental animal center of Guangzhou University of
Chinese Medicine and were maintained for 1 week in an environment
with controlled humidity (55 * 15%), temperature (23 = 3°C), and a
12-h light-dark cycle. All rats had a mean * standard deviation fasting
blood glucose (FBG) of 6.2 + 1.7 mmol/L. Rats were randomly divided
into three groups: normal control (n = 6, equal volume of saline; con-
trol), STZ administration model group (n = 6, equal volume of saline;
STZ), and the STZ administration and Art treatment group (n = 6,
300 mg/kg/d; Art, oral gavage) according to previous study [28].
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Fig. 2. Biochemical indices. (A) Fasting blood glucose (FBG). (B) Urine protein. (C) Blood urea nitrogen (BUN). (D) Creatinine (Cr). (E) Low density lipoprotein
cholesterol (LDL-C). (F) Triglyceride (TG). (G) Total cholesterol (TC). (H) Insulin. *P < 0.05 vs. normal. #P < 0.05 vs. STZ.

Particularly, as previously described [29], the rats in the STZ group
were injected intraperitoneally with 60 mg/kg STZ (prepared with
0.1 mol/L citrate buffer, pH 4.5) once. After 72 h, fasting blood glucose
(FBG) and urine volume were measured, and urine protein level was
detected using Bradford method. If the following criteria were met
three times in succession, the DN model was considered to be estab-
lished: (1) FBG > 16.6 mmol/L; (2) urine volume > 150% of the
original volume; (3) 24 h urinary protein > 200% before modeling.
Once the DN model was established, Art (300 mg/kg/d) was adminis-
tered for the next 4 weeks. The rats were then anesthetized with chloral
hydrate. After abdominal aorta was washed with phosphate-buffered
saline (PBS), the kidneys were cut from 1 mm away from the renal lobe
and stored in —80 °C for later examination.

355

2.2. Masson, hematoxylin and eosin (H&E), and periodic acid-Schiff
(PAS) staining techniques

The kidneys were fixed in 4% paraformaldehyde. To confirm the
STZ model and Art treatment, Masson, H&E, and PAS staining techni-
ques were performed as previously described [30,31].

2.3. Biochemical indexes

In order to confirm the construction of the model, urine samples
were collected from rats 24 h before they were sacrificed, and the level
of urinary albumin was measured. The rats were fasted for 12h and
then anesthetized by intraperitoneal injection with 40 mg/kg of a so-
lution of 2% sodium pentobarbital in saline. Blood was collected from
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Fig. 3. Overview of RNA-Seq data. (A) Hierarchical clustering of gene expression data based on FPKM values between Art (A) and STZ (S) samples. (B) Scatter plot
showing the gene expression variation between Art (A) and STZ (S) samples. The red and green points indicated change greater than and < 2-fold for genes between
the two groups. (C) Volcano plot of the differentially expressed genes. The vertical lines correspond to 2-fold up and down, respectively, and the horizontal line
indicates P value 0.05. The red and green points in the plots represent the significantly up-regulated and down-regulated differentially expressed genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Genes significantly up-regulated in STZ samples compared to either normal samples or Art samples.
Gene name FPKM

Normall Normal2 Normal3 Artl Art2 Art3 STZ1 STZ2 STZ3

Slcolal 3.32 7.85 1.93 33.97 64.35 46.03 194.26 156.37 144.63
Cyp2c11 55.12 20.06 25.23 14.70 20.90 32.51 60.04 84.67 77.68
T3 52.04 56.57 51.80 168.97 241.44 323.17 800.23 645.38 717.22
Rgd1564999 1.37 1.67 0.85 8.72 7.12 8.87 44.23 25.67 33.29
Ge 3.21 6.46 4.22 15.81 24.08 16.64 29.34 43.62 50.38
Tm4sf20 0.47 0.33 0.09 4.79 3.25 6.34 9.64 10.83 12.37
Slc7al2 6.72 4.76 3.72 15.39 38.10 25.97 46.85 35.28 57.04
Cacng5 1.08 6.89 4.69 26.52 10.03 11.26 75.46 40.55 30.12
Aldh1b1 0.47 0.52 0.09 2.99 2.62 2.54 12.23 8.09 7.53
Gtpbp4 20.18 20.09 14.52 47.27 39.38 75.36 206.94 152.34 97.66
Rgn 40.21 28.79 69.93 56.07 119.66 102.18 337.16 200.29 234.31
Melk 0.98 1.29 1.26 3.55 6.39 2.81 10.47 15.32 10.28
Ptgds 18.23 16.28 14.09 30.62 15.72 39.96 94.36 66.51 73.64
Slc16a14 17.46 18.16 22.52 39.59 36.43 30.61 109.21 85.76 93.45
Hnmt 49.00 51.84 35.92 82.61 106.34 96.26 221.53 194.67 285.19
Car15 2.09 3.82 5.18 10.96 8.16 5.30 38.26 27.71 36.95
Diol 36.25 49.39 37.22 52.76 60.99 95.66 134.65 185.48 196.51
Kifcl 1.32 2.52 1.28 6.95 8.89 12.26 23.56 18.09 17.84
Spata22 2.84 6.65 1.58 5.90 6.80 6.85 15.27 26.16 14.48
Anxal3 0.30 0.40 0.25 4.25 5.48 7.24 10.24 8.76 15.43
Slc25a25 20.67 21.78 29.20 43.81 44.16 37.69 83.46 92.17 90.35
Slc22a22 21.08 26.13 33.25 46.08 42.78 33.01 105.84 112.57 86.33
Nefm 0.45 0.59 1.54 2.69 1.90 2.90 5.63 7.22 9.95
Prir 6.85 10.03 7.85 25.04 14.75 19.78 43.28 30.47 51.08
Cxcll3 1.76 1.87 2.61 2.89 5.78 3.04 12.45 13.11 9.84
Gas2 4.68 3.59 3.42 5.68 8.15 10.05 25.48 18.23 25.01
Mmp9 7.14 14.03 13.24 5.39 10.30 3.54 10.22 19.06 15.17
Hmgcs2 10.68 16.47 11.97 16.70 11.53 6.57 43.85 65.87 50.21
Id1 43.52 35.01 36.93 33.50 34.55 54.74 83.04 113.58 94.77
Cdknla 26.17 33.61 28.73 22.68 31.74 2.20 94.57 189.76 134.51
Rarres2 63.90 34.85 49.85 40.27 63.84 44.52 121.44 194.28 109.19

tail vein. FBG was measured by Accu-check active (Roche, Shanghai, software (SPSS, USA). A P value < 0.05 was considered significant.

China). Urine protein, blood urea nitrogen (BUN), serum cholesterol

(TC), triglyceride (TG), creatinine (Cr), low density lipoprotein cho- 2.4. RNA extraction and quality control

lesterol (LDL-C) insulin were detected by an automatic biochemical

analyzer (ADVIA1800, Siemens, Munich, Germany). Statistical analysis The kidney was harvested for mRNA enrichment. In brief, total RNA

was performed using the Student's t-test in the SPSS version 16.0 was extracted from samples using Trizol (Invitrogen, USA) according to
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Table 2

Genes significantly down-regulated in STZ samples compared to either normal samples or Art samples.
Gene name FPKM

Normall Normal2 Normal3 Artl Art2 Art3 STZ1 STZ2 STZ3

Igfbp1 225.15 264.92 101.30 171.98 133.78 145.77 47.26 30.18 34.67
Fst 10.88 11.51 13.63 3.85 6.16 15.48 1.73 2.53 1.86
Fibin 7.88 5.46 6.18 4.32 5.28 3.80 1.04 0.98 1.24
Sultlal 182.54 136.36 178.59 21.64 33.99 44.75 10.03 13.25 15.56
Defb28 9.21 8.20 6.30 1.82 4.72 5.15 0.94 1.12 1.23
Ddit4l 5.70 14.37 12.52 1.72 2.32 3.11 0.75 1.03 1.26
Inhbb 3.67 8.14 5.82 4.35 3.40 4.63 1.32 1.57 0.93
Lox 4.98 5.19 4.44 2.52 3.42 1.02 1.35 0.87 1.10
Fgb 5.06 5.84 6.92 3.05 2.10 2.58 1.45 1.22 0.81
Pigr 128.54 124.46 103.23 86.58 63.99 70.77 44.32 23.58 35.54
Cldn23 4.53 5.79 5.82 4.60 2.72 7.40 1.86 1.07 2.29
Steap4 24.73 20.18 19.66 16.84 14.30 13.77 10.83 7.61 6.38
Len2 5.67 7.88 6.49 4.31 4.81 2.10 2.61 1.95 0.81
Csdc2 3.90 6.98 3.08 2.07 2.08 1.63 0.57 0.84 1.11
Gpt 24.99 18.07 21.20 16.38 14.37 11.18 7.18 6.24 5.39
Gsta3 30.42 30.35 37.22 18.68 19.04 15.65 10.23 6.52 7.64
Baat 30.86 46.25 31.49 21.97 16.56 25.10 10.05 9.37 8.18
Spp1 434.31 363.53 463.86 251.42 337.96 380.61 185.64 146.31 176.83
Rnase4 10.32 8.61 7.41 6.37 7.08 8.06 2.73 3.58 1.94
Resp18 77.89 99.47 88.38 56.28 76.64 60.11 33.15 38.62 30.37
Slc22a7 15.16 13.05 9.32 9.96 8.45 7.66 1.23 5.34 3.65
Pdk4 21.75 15.31 28.86 14.06 15.20 13.77 7.56 6.39 5.12
Arg2 77.82 71.26 76.26 47.38 47.32 60.28 23.56 17.08 29.87
Fzd9 2.09 1.48 2.25 0.21 0.38 1.22 0.12 0.15 0.29
Apoc2 32.19 21.26 48.31 20.43 12.52 18.94 10.38 6.73 9.62
Tnfsf15 3.73 4.73 3.88 2.66 3.47 2.80 1.22 1.08 1.45
Gadd45b 13.70 14.19 6.73 7.07 8.83 8.12 3.35 2.41 3.88
Bcl2111 4.07 3.41 3.61 3.78 2.46 2.24 1.53 0.98 1.27
Nuprill 35.76 34.71 29.49 24.60 24.01 40.07 11.64 10.55 21.36
Stcl 33.99 24.89 22.33 19.68 21.00 25.13 10.37 11.82 7.24
Fga 26.95 31.99 16.36 15.42 16.65 22.28 5.76 8.19 9.63
Tp53inp1 21.80 19.06 22.66 16.74 14.74 18.44 7.63 5.05 9.39
Pmaip1 5.74 5.15 4.26 3.49 4.12 5.32 2.01 1.43 0.99
Cebpd 20.80 34.68 19.08 25.77 13.21 13.02 11.82 5.38 6.42
Rnf125 6.85 8.23 5.84 4.81 4.33 5.16 2.13 1.65 2.44
Unc93a 5.13 6.25 7.29 4.75 3.04 3.95 2.06 1.73 1.58
Cyp26b1 3.83 4.77 3.62 2.03 3.41 2.60 0.92 1.36 1.05
Vnnl 93.65 85.60 94.45 70.37 65.08 75.90 35.29 29.76 36.51

the manufacturer's protocol and was subjected to 1% agarose gel
electrophoresis and Nanodrop ND-1000 (NanoDrop, USA) for quality
and purity tests, respectively. The ratios of OD260/0D280 in all sam-
ples were between 1.8 and 2.0, indicating high purity of the extracted
RNA. Pollutants such as protein and phenols were absent. The OD260/
0OD230 ratios in all samples were > 2, indicating an absence of organic
extraction reagent contamination. The Q30 value of each sample
was > 80%. Thus, the samples met quality and purity requirements for
high-throughput sequencing.

2.5. mRNA sequencing

Kidney samples were sent to KANGCH&EN for RNA sequencing and
analysis (Shanghai, China) as reported previously [32]. Oligo (dT)
beads were used to enrich the mRNA after removal of rRNA using Ri-
boZero Magnetic Gold Kit, lllumina, USA. The RNA sequencing library
was created using the KAPA Stranded RNA-Seq Library Prep Kit (Illu-
mina, USA), following the protocol provided by manufacturer. Quality
control of the constructed library was performed using the Agilent 2100
Bioanalyzer (Agilent, Germany) and quantified by the qPCR method.
Finally, the DNA fragments in these libraries were denatured by
0.1 mol/L NaOH to generate single-strand DNA, loaded onto channels
of Illumina flow cell at a concentration of 8 pmol/L, amplified in situ
using TruSeq SR Cluster Kit v3-cBot-HS (#GD-401-3001, Illumina), and
subsequently sequenced for 150 cycles in the Illumina HiSeq 4000 ac-
cording to the manufacturer's instructions.
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2.6. Bioinformatics analysis

Image analysis and base calling were performed using Solexa pi-
peline version 1.8 (Off-Line Base Caller software, version 1.8) [33].
After quality testing using Fast QC software, trimmed reads were
aligned to reference genomes using Hisat2 software version 2.0.4.
Transcript abundance was estimated by using StringTie software ver-
sion 1.2.3 and annotation information in the official database. Tran-
script levels were calculated as FRKM (fragments per kilobase cDNA per
million fragments mapped) using Ballgown software [34]. Genes or
transcripts with an FRKM > 0.5 were included in the subsequent ana-
lysis. Significant differentially expressed genes were identified as such if
the fold change was larger than 2.0 and the P-value was < 0.05. Clus-
tering analysis of differentially expressed genes was performed. En-
riched gene ontology (GO) for annotated differentially expressed genes
and Enriched KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways were performed. A false discovery rate (FDR) < 0.05 was
considered the threshold for significant enrichment.

2.7. Quantitative real time RT-PCR (qRT-PCR)

For validation of differentially expressed genes obtained in the
transcriptome analysis, we detected the eight significant genes in-
cluding inhibitor of DNA binding (Id1), insulin-like growth factor
binding protein 1 gene (Igfbp1), cyclin dependent kinase inhibitor 1A
(Cdknla), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase 2
(Hmgcs2), retinoic acid receptor responder 2 (Rarres2), Sulfotransferase
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Fig. 4. Unsupervised hierarchical clustering of the 70 common differentially expressed genes between STZ/normal and STZ/Art groups. A total of 39 genes sig-
nificantly were up-regulated in STZ samples compared to either normal samples or Art samples, and 31 genes were significantly down-regulated in STZ samples
compared to either normal samples or Art samples. The unsupervised hierarchical clustering of the 70 common differentially expressed genes was performed to

separate normal, Art, and STZ groups.
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Fig. 5. Verification of differentially expressed genes. Five differentially expressed genes were randomly selected and the mRNA levels were measured by qRT-PCR.

**P < 0.01 vs. normal, #P < 0.05, ##P < 0.01 vs. Art.

1A1 (Sultlal), Polymeric immunoglobulin receptor (Pigr) and Six-
transmembrane epithelial antigen of prostate4 (Steap4) by real-time
PCR. Primers are described in Supplementary Table S1. RNA samples

from the normal, STZ, and Art groups were extracted and purified, and
cDNAs were synthesized using the PrimeScript™ RT Reagent Kit
(TaKaRa, Japan) according to the manufacturer's protocol. PCR
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Fig. 6. GO analysis of up-regulated differentially expressed genes. (A) The top 10 most significantly enriched GO terms in three ontologies including biological
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summarized.

reactions were performed in an ABI 7500 system (ABI, USA) using SYBR
Green Supermix (TaKaRa, Japan) according to the manufacturer's in-
structions. For each gene, reactions were performed using three RNA
samples, and each reaction was performed in triplicate. The relative
expression of differentially expressed genes was calculated according to
the 27 44" method [35] using GAPDH for normalization. Continuous
data are presented as means * standard deviation (SD), and were
analyzed by using one-way ANOVA, with the Tukey's post hoc test.
Statistical analysis was performed in the SPSS version 16.0 software
(SPSS, USA). A P value < 0.05 was considered significant.

3. Results
3.1. Establishment of rat DN STZ model and treatment with Art

The DN model was created in rats by intraperitoneal inject with STZ
followed by treatment with Art. Masson and H&E staining showed in-
creased glomerular hypertrophy and glomerular capillary dilatation in
the STZ group compared with the normal control, and PAS staining
showed increased glomerular hypertrophy and hyperplasia of glomeruli
(Fig. 1A). The relative kidney weight in and the area and diameters of
glomeruli in STZ and Art groups were significantly increased compared
to those in normal group, indicating renal changes and glomerular
hypertrophy (P < 0.05), while those were statistically reduced in Art
group compared to STZ group (P < 0.05) (Fig. 1B-C). Moreover, the
levels of FBG, urine protein, BUN, Cr, LDL-C, TG, and TC were

significantly increased after the treatment with STZ, while insulin level
decreased compared with control rats, providing further evidence of
successful construction of the DN model (Fig. 2). However, Art in-
hibited glomerular hypertrophy, glomerular capillary dilatation, and
hyperplasia of glomeruli. Art also reversed the effect of STZ by down-
regulating FBG, urine protein, BUN, Cr, LDL-C, TG, and TC and ele-
vating insulin level (Fig. 2). Thus to some degree, treatment with Art
alleviated the STZ-induced DN.

3.2. Overview of gene expression prolife

In order to profile global gene expression in the samples, RNA-seq
was determined using Illumina HiSeq 4000. A total of 13,292 genes and
16,056 transcripts in the normal control group, 13,243 genes and
15,978 transcripts in the STZ group, and 13,248 genes and 16,038
transcripts in the Art group were identified. Unsupervised hierarchical
clustering of gene expression patterns clearly separated the Art and STZ
groups (Fig. 3A). The scatter plot of the gene expression profile was
used to assess the variations between Art and STZ groups (Fig. 3B).
Differentially expressed genes with statistical significance between the
Art and STZ groups were identified using a volcano plot (Fig. 3C).
Overall, 462 genes were discovered to be significantly differentially
expressed between Art and STZ groups (i.e., > 2-fold change and
P < 0.05). Among them, 231 genes were significantly up-regulated
and 231 genes were significantly down-regulated in Art samples,
compared to STZ samples. A total of 31 genes significantly were up-
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Fig. 8. Enriched KEGG pathway of differentially expressed genes. (A) KEGG pathways of up-regulated genes. (B) KEGG pathways of down-regulated genes. The top
10 most significantly enriched pathways were shown. Details regarding the number of differentially expressed genes related to KEGG pathway are also shown.

regulated in STZ samples compared to either normal samples or Art
samples, and 38 genes were significantly down-regulated in STZ sam-
ples compared to either normal samples or Art samples (Tables 1 and
2). Unsupervised hierarchical clustering of the 70 common differen-
tially expressed genes between STZ/normal and STZ/Art groups clearly
separated the normal, Art, and STZ groups (Fig. 4), demonstrating that
the identified differentially expressed genes are significant indicators
for STZ treatment.

3.3. Verification of differentially expressed genes

Eight differentially expressed genes were randomly selected in-
cluding four up-regulated genes Id1 previously described to inhibit
USF2 and block TGF-beta-induced apoptosis in mesangial cells (Sato
et al.), Cdknla, Hmgcs2 and Rarres2 and four down-regulated genes
Igfbp1, Sultlal, Pigr and Steap4 for further validation by using qRT-PCR
(Fig. 5). Data on the expressions of these genes were totally consistent
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with the findings from RNA-Seq.
3.4. GO analysis of differentially expressed genes

To explore the functions of differentially expressed genes, GO ana-
lysis was performed (Figs. 6 and 7). For up-regulated differentially
expressed genes, we found that the most significant enriched GO term
in the biological process was organic anion transport [GO:0015711]
(Fig. 6A and B), the most significant enriched GO term in cellular
component was extracellular region part [GO:0044421] (Fig. 6A and
C), and the most significant enriched GO term in molecular function
was organic anion transmembrane  transporter  activity
[GO:000008541] (Fig. 6A and D).

For down-regulated differentially expressed genes, we found that
the most significant enriched GO term in the biological process was
response to hormone [GO:0009725] (Fig. 7A and B), the most sig-
nificant enriched GO term in cellular component was extracellular
space [GO:0005615] (Fig. 7A and C), and the most significant enriched
GO term in molecular function was protein binding [GO:0005515]
(Fig. 7A and D).

3.5. KEGG pathways of differentially expressed genes

The KEGG pathway of differentially expressed genes was also used
(Fig. 8) and indicated that 10 most enriched pathways for up-regulated
and down-regulated genes might be involved in DN (Fig. 8). Among
these pathways, the up-regulated genes showed a strong relationship
with the gene category “Glycine, serine and threonine metabolism
[rno:00260]” (Fig. 8A), and the down-regulated genes showed a strong
relationship with “Complement and coagulation cascades [rno:04610]”
(Fig. 8B).

4. Discussion

Previous studies have reported a renoprotective role of Art in dia-
betic rats [19-24]. In those studies, Art was shown to alleviate patho-
logical renal changes in diabetic rats, but the underlying molecular
mechanisms were not fully understood. Early high-throughput studies
of DN have been reported in the literature [25,27,36]. However, se-
quencing results for DN after Art treatment have not been reported
previously. The present study was the first to investigate the gene ex-
pression prolife in DN rats treated with Art using RNA-Seq and provided
useful information for understanding the molecular mechanism un-
derlying treatment of DN by Art.

First, we constructed a rat DN model. STZ has been widely used in
the construction of rat DN models [37-39]. The rats were then treated
with Art. The resulting pathological changes such as increased glo-
merular hypertrophy and hyperplasia of glomeruli, along with in-
creased FBG, urine protein, BUN, Cr, LDL-C, TG, TC, as well as de-
creased insulin level, provided evidence of successful construction of
the DN model [29,40]. After treatment with Art, all of the injuries were
ameliorated, confirming the renoprotective role of Art in diabetic rats.
Then, samples were collected and RNA-Seq was performed.

By analyzing and validating the results of RNA-Seq, we identified a
total of 13,292 genes and 16,056 transcripts in normal samples, 13,243
genes and 15,978 transcripts in STZ samples, and 13,248 genes and
16,038 transcripts in Art samples. We found that the gene expression
levels were different among the normal samples, STZ samples, and Art
treatment samples. In total, 31 genes, including solute carrier organic
anion transporter family member 1A1 (Slcolal), cytochrome P450
2C11 (Cyp2c11), prostaglandin-H2 p-isomerase (Ptgds), solute carrier
family 16 member 14 (Slc16al4), 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (Hmgcs2), and inhibitor of DNA binding 1 (Id1), were sig-
nificantly up-regulated in STZ samples compared to both normal and
Art samples, and 38 genes, including insulin like growth factor binding
protein 1 (Igfbp1), follistatin (Fst), fin bud initiation factor homolog
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(Fibin), sulfotransferase 1A1 (Sultlal), and beta-defensin (Defb28) were
significantly down-regulated in STZ samples compared to both normal
and Art samples, with changes > 2-fold, and P-value < 0.05. A pre-
vious study also reported reductions in levels of Ptgds and Idl.
Moreover, we randomly selected four up-regulated genes (including
Id1, Cdknla, Hmgcs2, and Rarres2) and one down-regulated gene
(IGFBP1, Sultlal, Pigr, Steap4) to evaluate expression levels using qRT-
PCR in all of the normal, STZ, and Art samples. Our results showed
consistency in qRT-PCR and RNA-Seq data. It was demonstrated that
ID1 is a risk factor for obesity and diabetes. In the late phase of diabetic
glomerulopathy, ID1 inhibits TGF-B-induced apoptosis in mesangial
cells [41]. The overexpression of CDKN1A in pancreatic islet B cells
results in impaired insulin secretion and a decrease in islet B cell pro-
liferation [42]. Diabetic kidneys exhibit excess ketogenic activity re-
sulting from increased HMGCS2 expression, which may also be in-
volved in the pathogenesis of DN [43]. Thus, our data on up-or down-
expression of those genes in DN were consistent with previous studies
and indicated that the RNA-Seq data were reliable.

Moreover, the top 10 known pathways and biological processes
associated with the up-regulated and down-regulated genes were in-
cluded. For instance, GO analysis and pathway analysis were carried
out to explore the potential biological functions and mechanisms of
differentially expressed genes in the treatment of DN by Art.
Specifically, the potential biological processes were organic anion
transport, carboxylic acid transport, and response to hormone. The
potential cellular components were extracellular region part, and ex-
tracellular space. Predicted molecular functions were organic anion
transmembrane transporter activity, protein binding. Among the GO
terms associated with differentially expressed genes, response to hor-
mone has been reported to be involved in the treatment of DN [44,45].
Pathways involving “Glycine, serine and threonine metabolism”,
“Complement and coagulation cascades”, “p53 signaling pathway”,
“TGF-beta signaling pathway”, and “PPAR signaling pathway” were
also included. Among the KEGG pathways, complement and coagula-
tion cascades have been reported to play an important role in the
progression of DN [46]. It has also been reported that the p53, TGF-beta
signaling pathways are associated with DN [47,48]. Imbalanced ex-
pression of certain genes is believed to cause aberrant cellular functions
in the kidney. Our preliminary study provided leads on the potential
roles of genes in the pathogenesis of DN. For instance, our data sug-
gested possible alterations in the level of glutathione-S-transferase,
which was consistent with previous transcriptomic analysis of DN in
STZ-induced diabetic rats [49]. Functional genomics studies will further
clarify the effect of genes in DN. Additionally, these results will likely
provide more focused scientific guidance for investigating the effects of
Art in DN. Art was able to convert glucagon-producing alpha cells into
insulin-producing beta cells. So we also evaluated the level of insulin
among three groups. Our result showed insulin level was decreased
compared with control rats after the treatment with STZ, providing
further evidence of successful construction of the DN model. By con-
trast, Art reversed the effect of STZ by down-regulating FBG, urine
protein, BUN, Cr, LDL-C, TG, and TC and elevating insulin level. Con-
cordantly, data from both RNA-seq and qPCR indicated that insulin-like
growth factor binding protein 1 gene (Igfbpl) was also elevated after
administration of Art in STZ-treated model, indicating Art plays a
promoting role in the restoration of blood insulin levels. However, the
limitation still exists that the differentially expressed genes obtained in
the transcriptome analysis, except eight genes involved in this study,
require further validation by RT-qPCR, which may provide fundamental
leads for the development of anti-DN therapy.

5. Conclusion
In conclusion, we have successfully constructed a differentially gene

expression profile of DN in a rat model. Using bioinformatic analysis,
we provided a detailed analysis of the molecular mechanisms and
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effects of Art in DN.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.1f5.2019.01.032.
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